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(57) ABSTRACT

An upper electrode film 1ncludes a first conductive oxidation
layer made of an oxide expressed by a chemical formula
M, O_,, asecond conductive oxidation layer made of an oxide
expressed by a chemical formula M,O,, and a third conduc-
tive oxidation layer. Here, the second conductive oxidation
layer 1s formed to have a degree of oxidation higher than the
first conductive oxidation layer and the third conductive oxi-
dation layer, and among the composition parameters X, X,,

V., V», Z; and z,, there are the following relations,

Vo/V12X0/X 1, Vo/V1>25/Z 1, and z5/7 | Z=X5/% .
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SEMICONDUCTOR DEVICE AND METHOD
OF MANUFACTURING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based upon and claims the benefit of
priority from the prior Japanese Patent Application No. 2007 -
060473, filed on Mar. 9, 2007, the entire contents of which are

incorporated herein by reference.

TECHNICAL FIELD

The present mvention relates to a semiconductor device
having a capacitor structure and a method of manufacturing,
the semiconductor device.

BACKGROUND

In recent years, in accordance with the progress in digital
technology, there has been a growing tendency to process or
store a massive amount of data at a high speed. As a result,
high integration and sophistication in the performance of
semiconductor devices used in electric equipment are
required.

Accordingly, as for a semiconductor memory device, for
instance, i order to realize high integration of DRAM, a
technology using a ferroelectric material or a high permittiv-
ity material as a capacitor msulating film for the capacitor
which composes the DRAM, instead of conventional silicon
oxide or silicon nitride, starts to be widely researched and
developed.

In addition, in order to materialize non-volatile RAM,
which makes 1t possible to operate writing and reading at a
voltage as low as possible and at a high speed, a technology
using a ferroelectric having spontaneous polarization charac-
teristics for the capacitor insulating film 1s also actively being
researched and developed. Such a semiconductor memory
device 1s called a ferroelectric random access memory (Fe-
RAM).

The ferroelectric random access memory 1s provided with
a ferroelectric capacitor, 1n which a ferroelectric film serving
as a capacitor insulating film 1s sandwiched between a pair of
clectrodes. The ferroelectric random access memory stores
information using the hysteresis characteristics of the ferro-
clectric film.

The ferroelectric film brings forth polarization according
to the voltage applied between electrodes and holds sponta-
neous polarization characteristics even when the applied volt-
age 1s taken away. In addition, when the polarity of the applied
voltage 1s reversed, the polarity of the spontaneous polariza-
tion of the ferroelectric film reverses. Accordingly, 1t the
spontaneous polarization 1s detected, information can be read
out. The ferroelectric random access memory works at a
voltage lower than a flash memory, which makes it possible to
write with a reduced power and at a high speed.

The ferroelectric film composing a capacitor of the ferro-
clectric random access memory (FeRAM) 1s formed from
lead zirconate titanate (PZ1), lanthanum (LLa) doped PZT
(PLZT), PZT based material doped with calctum (Ca), stron-
titum (Sr) or silicon (S1) 1n minute quantities, bismuth (Bi)
layer structured compound such as SrBi1,1a,0, (SBT, Y1) or
SrB1, (Ta, Nb),O,(SBTN, YZ) or the like, and deposited by
the sol-gel method, the sputtering method, the metal organic
chemical vapor deposition (MOCVD) method, or the like.

Generally, an amorphous or microcrystalline ferroelectric
film 1s formed above the lower electrode by these deposition
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2

methods, and thereatter, its crystal structure 1s changed nto a
perovskite structure, or a bismuth layer structure by heat
treatment. It 1s necessary to use a material which does not
oxidize easily or can maintain its conductivity even oxidized
as an electrode material 1n the capacitor structure, and usually
platinum series metals or their oxides such as platinum (Pt),
Iridium (Ir), iridium oxide (IrOx) and the like are widely used.
As for a wiring material, aluminum (Al) 1s commonly used
similarly to the general case of semiconductor devices.

Further higher integration and sophistication 1n perfor-
mance are required to the ferroelectric random access
memory (FeRAM) as well as other semiconductor devices,
and reduction 1n the cell size will be necessary 1n future. In
order to reduce the cell size, 1t 1s known to be an effective
means to adopt a stacked structure for the capacitor structure
instead of the conventional planar structure. Here, the stacked
structure means a structure 1 which a capacitor 1s formed
directory above a plug (contact plug) formed on the drain of
a transistor composing a memory cell.

In a conventional stacked structured ferroelectric random
access memory (FeRAM), the capacitor structure includes
barrier metal, a lower electrode, a ferroelectric film, and an
upper electrode stacked 1n this order directly above a tungsten
(W) plug. The barrier metal has the function of preventing
oxidation of the tungsten (W) plug. Since a material having
both the effect of the barrier metal and the lower electrode 1s
often selected, 1t 1s 1impossible to distinctly separate the bar-
rier metal and the lower electrode material, the barrier metal
and the lower electrode are usually formed by combining two
or more kinds of films selected from the groups consisting of
a titanium nitride (TiN) film, a titantum aluminum nitride
(T1AIN) film, an 1ridium (Ir) film, an irndium oxide (IrO,, ) film
a platinum (Pt) film, and a SrRuO, (SRO) film.

The ferroelectric film forming a ferroelectric capacitor
structure easily creates oxygen loss by treating in a non-
oxidation atmosphere, which results 1n deterioration in ferro-
clectric film characteristics such as switching charge or a leak
current value. When manufacturing the ferroelectric capaci-
tor, 1t 1s necessary for recovery of damage created in the
terroelectric film to conduct heat treatment in an oxygen
atmosphere 1n a plurality of times. Accordingly, as a material
for the upper electrode, metals hard to be oxidized 1n an
oxygen atmosphere such as platinum (Pt) or the like, or con-
ductive oxides such as indium oxide (IrO_ ), ruthentum oxide
(RuO,) or the like are used.

Incidentally, 1n recent years, an intense requirement for
micromimaturization 1s also imposed on the ferroelectric ran-
dom access memory (FeRAM), which results 1n requirement
ol microminiaturization of the ferroelectric capacitor struc-
ture and adoption of a multi-layered wiring structure. Fur-
thermore, operation at a low voltage 1s required correspond-
ing to the application to a portable type information
processor. In order that the ferroelectric random access
memory (FeRAM) may operate at a low voltage, the ferro-
clectric film composing the ferroelectric capacitor structure 1s
required to have a large switching charge QSW, but when the
multi-layered wiring structure 1s adopted, a problem that the
already formed characteristics of the ferroelectric capacitor
structure are worsened owing to the processing in a reduction
atmosphere or 1n a non-oxidation atmosphere used at the step
of forming the multi-layered wiring structure, arises.

Explaining the above more specifically, when the upper
clectrode 1s formed from a platinum (Pt) film, an 1ridium (Ir)
f1lm, or the like, hydrogen 1n a reduction atmosphere used at
the time of forming an 1nterlayer insulating film in the multi-
layered wiring structure migrates into a platinum (Pt) film or
an 1ridium (Ir) film and 1s activated by a catalytic function
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possessed by these metals, which brings about a problem that
the ferroelectric film, which 1s a capacitor film 1n the ferro-
clectric capacitor structure, 1s reduced by the activated hydro-
gen.

When the capacitor film i1s reduced, the operational char-
acteristics of the ferroelectric capacitor structure are greatly
deteriorated. Such a problem of deterioration 1n characteris-
tics of the capacitor film appears especially remarkably when
the ferroelectric capacitor structure 1s micronized, and the
capacitor film in the ferroelectric capacitor structure 1s com-
posed of the micromized ferroelectric film.

In order to cope with the problem, patent document 1
(Japanese Patent No. 3661850) makes a suggestion that since
microminiaturization can be performed without deterioration
ol electric characteristic of the ferroelectric capacitor struc-
ture 1n the process of establishing the multi-layered wiring
structure, an upper electrode formed on the ferroelectric film
1s composed of a first conductive oxidation layer and a second
conductive oxidation layer, and the second conductive oxida-
tion layer 1s formed to have a composition stoichiometrically
closer than the first conductive oxidation layer.

| Patent Document 1] Japanese Patent No. 3661850

However, the ferroelectric capacitor structure manufac-
tured according to the above-described patent document 1
brings about the following problems.

The second conductive oxidation layer, whose degree of
oxidation 1s higher than that of the first conductive oxidation
layer 1s apt to grow abnormally when the film thickness
becomes great. In other words, when the thickness of the
crystallized second conductive oxidation layer increases, the
growth of the crystal on the surface progresses abnormal .
Especmlly, when depositing at a high temperature, for
instance, 1n the case that the second conductive oxidation
layer has a thickness of about 1350 nm or more, this abnormal
growth becomes remarkable.

There 1s a problem that hole in film 1s produced due to the
abnormal growth of the crystal in the upper electrode, and
hydrogen 1s apt to migrate into the capacitor film through the
upper electrode, which results 1n deterioration of the capaci-
tor film. Due to the deterioration, the switching characteris-
tics, the 1nitial characteristics, and the retention characteris-
tics of the device are remarkably lowered.

SUMMARY

One aspect of the present invention may be to provide a
semiconductor device including a semiconductor substrate,
and a capacitor structure formed above the semiconductor
substrate and structured by the capacitor film being sand-
wiched between an upper electrode and a lower electrode, in
which the above-described upper electrode includes: a first
layer made of an oxide, of which stoichiometric composition
1s expressed by a chemical formula M, O_, using a composi-
tion parameter x,, and of which practical composition 1s
expressed by a chemical formula M, O_, using a composition
parameter X, a second layer made of an oxide formed on the
above-described first layer, and its stoichiometric composi-
tion 1s expressed by a chemical formula M,0O,,, using a com-
position parameter y,, and 1ts practical composition 1s
expressed by a chemical formula M,0O,, using a composition
parametery ., and a third layer made of an oxide formed on the
above-described second layer, and 1ts stoichiometric compo-
sition 1s expressed by a chemical formula M,O_, using a
composition parameter z,, and its practical composition 1s
expressed by a chemical formula MO _, using a composition
parameter z, where the symbols M,, M, and M, are respec-
tively expressed as one or plural metal elements, in which the
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4

above-described second layer 1s formed to have a degree of
oxidation higher than the first layer and the third layer, and
among the above-described composition parameters X, X-,
Vi, V-, Z; and z,, there are the following relations,

Vol V (3X5/X 1, Vo/V(>Z5/7(, and z5/2 | Z=X5/X 4.

Another aspect of the present invention may be to provide
a method of manufacturing the semiconductor device having
a capacitor structure including: forming a lower electrode
having the above-described capacitor structure above a semi-
conductor substrate, forming a capacitor {ilm above the lower
clectrode, and forming an upper electrode above the capacitor
film by stacking at least a first conductive oxidation layer, a
second conductive oxidation layer and a third conductive
oxidation layer sequentially, in which forming the first con-
ductive oxidation layer and the third conductive oxidation
layer 1s conducted under the oxidation content lower than that
in depositing the second conductive oxidation layer.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a sectional view showing a ferroelectric capacitor
ol a comparative example of the present invention;

FIG. 2 15 a sectional view showing a ferroelectric capacitor
of a comparative example of the present invention;

FIG. 3 1s a view showing a photograph by TEM of a section
of the ferroelectric capacitor of the comparative example of
the present invention;

FIGS. 4A to 40 are cross sectional views showing a
method of manufacturing a ferroelectric random access
memory (semiconductor device) relating to a first embodi-
ment 1n a process order;

FIGS. 5A to 5L are cross sectional views showing a method
of manufacturing a ferroelectric random access memory
(semiconductor device) relating to a second embodiment 1n a
process order;

FIG. 6 1s a characteristic diagram showing a switching
charge of a ferroelectric capacitor structure;

FIGS. 7A and 7B are characteristic diagrams showing the
measurement result of a relation between applied voltages
and the switching charge Qsw of the ferroelectric capacitor
structure;

FIGS. 8A, 8B and 8C are sectional views schematically
showing the appearance of the ferroelectric capacitor struc-
ture according to the method of the present mvention and
according to the conventional method.

FIG. 9 1s a diagrammatic sectional view showing a ferro-
clectric random access memory manufactured according to a
third embodiment;

FIG. 10 1s a diagrammatic sectional view showing another
example of the ferroelectric random access memory manu-
factured according to the third embodiment; and

FIG. 11 15 a diagrammatic sectional view showing a ferro-
clectric random access memory manufactured according to a
fourth embodiment.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

L1l

As acomparative example of the present invention, 1n order
to suppress abnormal growth of a crystal 1in the upper elec-
trode of a ferroelectric capacitor manufactured according to
the method of manufacturing 1n Patent Document 1, a second
conductive oxidation layer i1s formed 1n a two-layered struc-
ture composed of an amorphous lower layer and a crystallized
upper layer. The method of formation 1s to consecutively



US 7,605,007 B2

S

deposit respective layers while, for istance, changing the
power flowing into a deposition apparatus (sputtering appa-
ratus or the like).

The amorphous lower layer of the second conductive oxi-
dation layer 1s crystallized as the substrate temperature rises
during deposition. At this time, no abnormal growth 1s found
in the lower layer (refer to FIG. 1). In this case, however, the
lower layer 1s gradually crystallized including the step of
forming multi-layered wiring, and when the step of forming
the multilayer wiring 1s completed, holes 1n film such as
oxvygen loss and the like are created 1n the lower layer (refer to
FIGS. 2 and 3 by TEM). Due to the existence of the hole 1n
film, hydrogen or the like migrates into the capacitor film
during the step of forming the multi-layered wiring, which
results 1n deterioration 1n electric characteristics. In addition,
f1lm peeling 1s apt to occur on the wiring.

Note that 1n the respective FIGS. 1 and 2, for the respective
layers forming respective upper electrodes, they are desig-
nated as an upper electrode IrO1, an (amorphous upper elec-
trode IrO2), an upper electrode IrO2, and a crystallized upper
clectrode Ir 1n turn from the bottom for convenience sake.

Furthermore, in the capacitor structure, a tungsten plug 1s
used for the connection between the upper electrode and the
wiring on the first layer. When the tungsten plug 1s formed
above the upper electrode, 1t 1s necessary to deposit a tungsten
f1lm 1n a reducing atmosphere at a high temperature. Hydro-
gen generated at the time of deposition 1s mostly blocked by
titanium nitride (TiN), which 1s the glue film on the tungsten
plug. When excessive hydrogen i1s supplied, however, 1t
passes through the blocking by titantum nitride (TiN) and
migrates ito the upper electrode, reducing IrO_ 1n the upper
clectrode to cause volume shrinkage, which results 1n the
formation of holes between the glue film and the upper elec-
trode. As a result, there 1s a problem of instability 1n the
contact resistance of the upper electrode.

As a result of earnest studies based on the result of the

above-described comparative example, the inventors have
come up with the present invention.

In the present invention, the upper electrode 1s formed 1n a
stacked structure including a first layer, a second layer, and a
third layer, 1n which respective composition parameters have
the above-described relation. In the present invention, when
depositing the second layer, 1t 1s formed 1n a microcrystalline
state by controlling the deposition conditions, more specifi-
cally, by controlling the deposition temperature between, for
instance, 30° C. and 90° C. (especially, when the metal ele-
ment B of the second layer 1s iridium (Ir)). Further, by form-
ing the thard film at a high temperature compared with the
deposition temperature, the crystalline third film which 1s
resistant to the production of the hole in film 1s obtained. The
microcrystalline second film 1s crystallized by heat treatment
alter forming the second film and before forming the third
f1lm, or heat treatment at the time of various processing after
forming the third film.

The occurrence of conventional shirring 1s reduced owing
to the present invention, the second film 1s obtained 1n a
uniform crystalline state. As a result, also 1n the multi-wiring,
step, migration of hydrogen 1s partially blocked by the third
film, and totally blocked by the second film, which has a
higher degree of oxidation and uniformity. In other words,
migration of hydrogen into the capacitor film 1s completely
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blocked by the second and third films, which results 1n sub-
stantial improvements 1n switching, initial, and retention
characteristics of the device.

First Embodiment

Hereinatter, a first embodiment of the present invention
will be explained.

In the first embodiment, a planar type ferroelectric random
access memory will be explained, in which electric connec-
tion between the upper electrode and the lower electrode 1n a
terroelectric capacitor structure is established from the above.
Note that the sectional structure of the ferroelectric random
access memory will be explained here together with the
method of manufacturing the memory for convenience sake.

FIGS. 4A to 40 are sectional views showing the method of
manufacturing the ferroelectric random access memory
(semiconductor device) relating to the first embodiment 1n
process order.

In the first embodiment, first, as shown i1n FIG. 4A, an
clement 1solating and 1nsulating film 2 1s formed on and, for
instance, ap-well 21 1s formed 1n a semiconductor substrate 1,
then, a MOSFET 100 1s formed above the semiconductor
substrate 1, and at the same time, a silicon oxynitride film 7,
a silicon oxide film 8a, aluminum oxide (Al,O,) film 85, and
a lower electrode film 9a are formed above the MOSFET 100
n turn.

More specifically, first, the element 1solating and insulating,

f1lm 2 1s formed 1n the element 1solation area of the semicon-
ductor substrate 1 such as a silicon (S1) substrate or the like by,
for instance, the method of local oxidation of silicon (LO-
COS) to determine the element formation area. Then, on the
surface of the element formation area of the semiconductor
substrate 1, for instance, boron (B) 1s 10on planted under con-
ditions of, for instance, energy 300 keV, and dose amount
3.0x10"° cm™ to form the p-well 21. Then, above the semi-
conductor substrate 1, a silicon oxide film having a thickness
of about 3 nm 1s formed by, for 1instance, the heat oxidation
method. Then, above the silicon oxide film, a polycrystalline
silicon film of about 180 nm 1n thickness 1s formed by the
CVD method. Then, by conducting patterning to leave the
polycrystalline silicon film and the silicon oxide film only 1n
the element formation area, so that a gate msulation film 3
made from the silicon oxide film and a gate electrode 4 made
of the polycrystalline silicon film are formed.
Then, using the gate electrode 4 as a mask, on the surface
of the semiconductor substrate 1, for instance, phosphorus (P)
1s 10n planted under conditions of, for instance, energy 20
keV, and dose amount 4.0x10'° cm™ to form an n™ type low
concentration diffusion layer 22. Then, after forming the sili-
con oxide (S10,) film of about 300 nm 1n thickness on the
whole surface by the CVD method, anisotropic etching 1s
conducted to form a side wall 6, leaving the silicon oxide
(510,) film only on the side wall of the gate electrode 4.

Then, using the gate electrode 4 and the side wall 6 as a
mask, on the surface of the semiconductor substrate 1, for
instance, arsenic (As) 1s 1on planted under conditions of, for
instance, energy 10 keV, and dose amount 5.0x10'° cm™ to
form an n™ type high concentration diffusion layer 23.

Then, for mstance, a titanium (11) film 1s deposited on the
whole surface by the sputtering method. Thereatter, by con-
ducting heat processing between 400° C. and 900° C., a
silicide reaction between the polycrystalline silicon film of
the gate electrode 4 and the titantum ('11) film takes place to
form a silicide layer 5 above the upper surface of the gate
clectrode 4. Thereatter, the unreacted titanium (11) film 1s
climinated using hydrofluoric acid or the like. By this proce-
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dure, the MOSFET 100 1s formed which 1s provided with the
gate insulating film 3, the gate electrode 4, the silicide layer 5,
the sidewall 6 and a source/ drain dlffusmn layer composed of
the lower concentration diffusion layer 22 and the high con-
centration diffusion layer 23 1s formed above the semicon-
ductor substrate 1. It should be noted that the explanation 1s
made using the formation of the n-channel type MOSFET as
an example 1n this embodiment, and 1t 1s also possible to form
a p-channel type MOSFET.

Then, the silicon oxynitride film 7 of about 200 nm in
thickness 1s formed so as to cover the MOSFET 100 using the
CVD method. Then, the silicon oxide film 84 of about 700 nm
in thickness 1s formed above the silicon oxynitride film 7 by
the CVD method. Thereatter, degassing of the silicon oxide
f1lm 8a 1s conducted by performing an annealing treatment at
650° C. for about 30 minutes 1n a nitrogen gas (N,) atmo-
sphere. Note that, the silicon oxynitride film 7 1s formed to
prevent hydrogen damage to the gate insulation film 3 or the
like at the time of formation of the silicon oxide film 8a.

Then, the aluminum oxide (Al,O,) film 85 of about 20 nm
in thickness 1s formed above the silicon oxide film 8a as a
lower electrode adhering film by, for instance, the sputtering
method. Note that, a titantum (11) film, a titantum oxide
(T10,) film or the like of about 20 nm in thickness may be
tformed as a lower electrode adhering layer. Then, the lower
clectrode film 9a 1s formed above the aluminum oxide
(Al,O,) film 8b6. As the lower electrode film 9a, a platinum
(Pt) film of about 150 nm in thickness 1s formed by, for
instance, the sputtering method. It should be noted that when
the lower electrode adhering film 1s a titanium (T1) film of
about 20 nm, a stacked product of the lower electrode adher-
ing {1lm made of the titanium (T1) {ilm and the lower electrode
f1lm 9a made of platinum of about 180 nm in thickness, may
be formed. In this case, for instance, the titanium (11) film 1s
tormed at about 150° C., and the platinum (Pt) film 1s formed
between 100° C. and 350° C.

The lower electrode film 94 may be formed of a metal film
containing at least one kind of noble metal element selected
from the group consisting of iridium, ruthenium, rhodium,
rhenium, SrRuQO,, osmium, and paradium, instead of plati-
num.

Thereatter, as shown 1n FIG. 4B, a ferroelectric film 10a to
be a capacitor film 1s formed 1n an amorphous state above the

lower electrode film 9a. As the ferroelectric film 10a, the
PLZT film of 100 nm to 200 nm 1n thickness 1s formed using,

for instance, La doped PZT (PLZT: (Pb, La) (Zr, T1) O, ) target
by the RF sputtering method. Thereatter, a first heat treatment
(RTA: Rapid Thermal Annealing) 1s conducted at 650° C. or
lower 1n an atmosphere containing argon (Ar) and oxygen
(O,), and further, a second heat treatment (RTA) 1s conducted
at a temperature higher than that for the first heat treatment,
for instance, at about 750° C. i an oxygen atmosphere.
Consequently, the ferroelectric film 10q 1s completely crys-
tallized and, at the same time, the platinum (Pt) film forming,
the lower electrode film 9a 1s closely packed, so that mutual
diffusion of platinum (Pt) and oxygen (O) near the interface
between the lower electrode film 9a and the ferroelectric film
10a 1s suppressed.

It should be noted that though formation of the ferroelectric
film 10aq 1s conducted by the sputtering method in this
embodiment, 1t 1s not limited to this method, and 1t 1s possible
to form the ferroelectric film 10a by, for istance, the sol-gel
method, the organometal decomposition method, the CSD
method, the chemical-vapor deposition method, the epitaxial
growth method, or the MO-CVD method.

As the ferroelectric film 10a, 1t 1s also adoptable to form
compound films 1n a perovskite structure or 1n a bismuth (B1)
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layer base structure, or a film whose crystal structure takes a
perovskite structure or a bismuth (B1) layer structure by heat
treatment.

Then, as shown 1n FIG. 4C, an upper electrode film 11A 1s
formed above the ferroelectric film 10a.

The upper electrode film 11A 1ncludes a first conductive
oxidation layer 11a which 1s made up of an oxide, whose
stoichiometric composition 1s expressed by a chemical for-
mula M,O_, using a composition parameter x,, and whose
practical composition 1s expressed by a chemical formula
M, O_, using a composition parameter X,, a second conduc-
tive oxidation layer 115 made of an oxide formed above the
first conductive oxidation layer 11a, and 1ts stoichiometric
composition 1s expressed by a chemical formula M, 0, using
a composition parameter y,, and its practical composition 1s
expressed by a chemical formula M, 0, using a composition
parametery,, and a third conductive oxidation layer 11c made
ol an oxide formed above the second conductive oxidation
layer 115, and 1ts stoichiometric composition 1s expressed by
a chemical formula M,O_, using a composition parameter z, ,
and 1ts practical composition 1s expressed by a chemical
formula M0 _, using a composition parameter z,. Here, the
second conductive oxidation layer 115 has a degree of oxi-
dation higher than the first and the third conductive oxidation
layers 11a and 11¢, and the composition parameters X, X,, V.,
y,, Z; and Z, have the following relations therebetween,
V./V>X/X{, V5/V,>Z,/Z,, and Z,/Z,=X,/X,. In the present
embodiment, the case that all of M,, M, and M, are taken as
iridium (Ir), and, for mstance, X, 1s about 1.9, v, 1s about 2.1
and z, 1s about 2.0, will be instantiated (note that these values
are results of the HRBS analysis). In this case, x1, y, and
7,=2. Hereinaftter, X,, v, and z, will be described as x, y and z
respectively, for the convenience sake 1n the description.

When forming the upper electrode film 11A, the first con-
ductive oxidation layer 11a 1s formed above the ferroelectric
film 10a.

An IrOx film, which 1s formed by crystallization at the time
of deposition, 1s deposited above the ferroelectric film 10a 1n
film thickness of 20 nm to 50 nm by, for instance, the sput-
tering method to form the first conductive oxidation layer
11a. The deposition temperature at this time 1s set to, for
instance, 300° C., argon (Ar) gas and oxygen (O,) are used as
the deposition gas, and the tlow rate of the deposition gases 1s
set to be 140 sccm for argon, and 60 sccm for oxygen (O,).
The sputtering power 1s about 1 kW,

Then, the second conductive oxidation layer 115 1s formed
above the first conductive oxidation layer 11a.

Here, a preliminary study of the deposition temperature of
an 1ridium oxide (IrO,) film which will be the second con-
ductive oxidation layer 115 1s conducted. The iridium oxide
(IrQ,)) film 1s deposited in a film thickness of about 100 nm
above a silicon (S1) substrate on the surface of which, for
instance, a silicon oxide film 1s deposited. Here, the deposi-
tion temperatures are controlled at 50° C., 75° C., 100° C.,
150° C., 200° C., and 250° C., and the 1ridium oxide (IrOy)
films are studied to ascertain deposition according to the
respective temperatures. As a result of the preliminary study,
it 1s found that when the deposition temperature 1s set to 150°
C. or more, the iridium oxide (IrQ,) 1s completely crystal-
lized, but due to abnormal growth of the iridium oxide (IrQ,,),
a smooth surface morphology cannot be obtained. When the
deposition temperature 1s set to 100° C. or lower, ridium
oxide (IrO,) crystallizes in a state where microcrystals and
crystals exist 1n a mixture together. Furthermore, when 1r1-
dium oxide (IrQ,) in a uniform microcrystalline state is
obtained by setting the deposition temperature 75° C. or
lower, and an extremely smooth surface morphology 1s con-
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firmed. Considering that when the deposition temperature 1s
set lower than 50° C., insuilicient microcrystals are obtained,
the suitable deposition temperature tfor iridium oxide (IrO,))
f1lm which will be the second conductive oxidation layer 115
must be between 350° C. and 75° C. Considering further that
specifications ol various deposition apparatuses differ from
cach other, and the crystallization temperatures ol noble
metal oxides differ, 1t 1s possible to conclude that the suitable
temperature for deposition 1s within the range o1 30° C. to 90°
C.

Based on the result of the above-described preliminary
study, 1ridium oxide (IrO,)) film 1s deposited 1n a film thick-
ness of 30 nm to 50 nm above the first conductive oxidation
layer 11a by, for mstance, the sputtering method to form the
second conductive oxidation layer 115. At this time, the depo-
sition temperature 1s set between 30° C. and 100° C., more
preferably within 50° C. to 75° C., so that the iridium oxide
(IrQ,,) 1s controlled to be deposited in a microcrystalline state.
Argon (Ar) and oxygen (O,) are used as the deposition gas,
and the flow rate of the deposition gas 1s controlled at, for
istance, 100 sccm of argon (Ar), and 100 sccm of oxygen
(O,) so that the content of oxygen (O, ) 1n the deposition gas
1s higher than that of the first conductive oxidation layer 11a
(so that the content of oxidation 1s higher than that at the time
of forming the first conductive oxidation layer 11a). The
sputtering power 1s adjusted to, for instance, about 1 kW. At
this time, no abnormal oxidation occurs 1n the second con-
ductive oxidation layer 115, and iridium oxide (IrO,,) having
a composition of a uniform microcrystalline state 1s obtained.

Next, the third conductive oxidation layer 11¢ 1s formed
above the second conductive layer 115.

An 1ridium oxide (IrO,) film 1s deposited 1n a thickness of
20 nm to 50 nm above the second conductive oxidation layer
115 by, for instance, the sputtering method to form the third
conductive oxidation layer 11¢. At this time, the deposition
temperature 1s within the range of 150° C. to 400° C., for
instance, at 300° C., so as to control the way that the iridium
oxide (IrO.) crystallizes during deposition. Argon (Ar) and
oxygen (O, ) are used as the deposition gas, and the tflow rate
of the deposition gas 1s controlled to be, for mstance, 110
sccm of argon (Ar), and 90 sccm of oxygen (O, ) so that the
content of oxygen (O, ) 1n the deposition gas 1s lower than that
in the second conductive oxidation layer 115 (so that the
degree of oxidation 1s lower than during the formation of the
second conductive oxidation layer 115). The sputtering
power 1s adjusted to, for instance, about 1 kW. At this time, no
abnormal oxidation occurs 1n the third conductive oxidation
layer 11¢, and the indium oxide (IrO_) has a composition of
uniform crystallinity.

Here, formation of the third conductive oxidation layer 11c¢
with a film thickness of 30 nm or less can be achieved by
controlling the content of oxygen (O, ) in the deposition gas to
be about 45%. When the thickness of the third conductive
oxidation layer 11c¢ 1s required to further increase, 1t 1s nec-
essary to control the content of oxygen (O, ) in the deposition
gas so as to be lower than 45%. Formation of the third con-
ductive oxidation layer 11¢ without occurrence of abnormal
growth thereot on the surface of iridium oxide (IrOz) can be
achieved by controlling the content of oxygen (O, ) between
10% and 50%, more preferably within the range 30% to 45%.
For instance, in order to form the third conductive oxidation
layer 11¢ with a thickness of about 50 nm, the content of
oxygen (O, ) 1n the deposition gas 1s set to about 35%.

As above, the upper electrode film 11A composed of the
first conductive oxidation layer 11a, the second conductive
oxidation layer 115 and the third conductive oxidation layer
11c¢ stacked 1n turn 1s formed above the ferroelectric film 10a.
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Note that as shown 1n FIG. 4D, the upper electrode film can
be formed by depositing a fourth layer 114 made of noble
metals such as iridium (Ir), rubidium (Ru) or an alloy con-
taining such a noble metal above the third conductive oxida-
tion layer 11c. In this case, the upper electrode 1n a four
layered structure 1s formed by etching these 1n the following
processes. In the following explanation, the formation of the
upper electrode by processing the upper electrode film 11 A 1n
a three layered structure not including the fourth layer 114
will be explained.

Note that as with the crystallization process by heat treat-
ment of the ferroelectric film 10q, the following methods can
be cited except those described above.

As a first method, 1n the process shown 1n FIG. 4B, the first
heat treatment (RTA) 1s conducted at 650° C. or lower, for
instance, at 560° C. 1n an atmosphere containing argon (Ar)
and oxygen (O, ), and after forming the first conductive oxi-
dation layer 11qa, the second heat treatment (RTA) 15 con-
ducted at a temperature higher than that used 1n the first heat
treatment, for instance, within the range of 6350° C. to 750° C.
(for instance, at 725° C.) 1n an oxygen atmosphere to com-
pletely crystallize the ferroelectric film 10aq. Here, when
forming the first conductive oxidation layer 11a, 1n the case of
the deposition at room temperature, the tlow rate of the depo-
sition gas 1s controlled to, for mstance, 100 sccm for argon
(Ar), and 56 sccm for oxygen (O, ), and the sputtering power
1s at 2 kW. In the case of the deposition at high temperatures,
the deposition temperature 1s adjusted to, for mstance, 300°
C., the flow rate for argon (Ar) 1s controlled to 140 sccm, for
oxygen (O,), to 60 sccm, and for the sputtering power, con-
trolled at 1 kW. The above-described heat treatment works for
complete crystallization of the ferroelectric film 10a, and at
the same time, for the tlattening of the interface between the
terroelectric film 10a and the first conductive oxidation layer
11a. By this first method, it 1s possible to improve the opera-
tion at a low voltage and the switching charge of the ferro-
clectric capacitor structure.

As a second method, after forming the ferroelectric film
10q, the first heat treatment 1s conducted similarly to the first
method, and an amorphous ferroelectric film (not shown)
thinner than the ferroelectric film 10a 1s formed. Thereatter,
similarly to the first method, the second heat treatment 1s
conducted after forming the first conductive oxidation layer
11a. According to the second method, the leakage current of
the ferroelectric capacitor structure can be reduced as well as
an 1mprovement 1 performance at low voltages and the
switching charge of the ferroelectric capacitor structure.

As a third method, when the ferroelectric film 10a 1s crys-
tallized without requiring the first heat treatment, a thin amor-
phous ferroelectric film as it 1s and the first conductive oxi-
dation layer 11a are formed.

As afourth method, after crystallizing the ferroelectric film
10a, or after crystallizing the ferroelectric film 10 and a thin
amorphous ferroelectric film and then the second conductive
oxidation layer 115 1s formed, heat treatment (RTA) 1s con-
ducted again at a temperature between 630° C. and 750° C.,
for instance, at 700° C. According to this method, it 1s pos-
sible to improve the adherence between an upper electrode 11
and the ferroelectric film 10, which will be described later and
the crystal state of the upper electrode 11 can be further
improved.

In the present embodiment, although the example of form-
ing the first conductive oxidation layer 11a, the second con-
ductive oxidation layer 115 and the third conductive oxida-
tion layer 11¢ composing the upper electrode film 11 A with
iridium oxide 1s shown, the present invention 1s not limited to
this, and 1t 1s also possible to apply a film made of at least one
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kind of oxide selected from, for instance, the group consisting,
of platinum oxide, ruthenium oxide, strontium.ruthenium
oxide, rhodium oxide, rhenium oxide, osmium oxide and
palladium oxide to the respective layers 11a to 11c¢. In this
case, a method of conducting sputtering using a target con-
taining at least one kind of noble metal element selected from
the group consisting of platinum (Pt), ruthentum (Ru) stron-
titum (Sr) and ruthemum, rhodium (Rh), rhenium (Re),
osmium (Os) and palladium (Pd) under conditions where
oxidation ol noble metals occurs.

In this case, there could be various combinations such as,
the metal element M, of the first conductive oxidation layer
11a and the metal element M, of the second conductive oxi-
dation layer 115 may be made of different metals from each
other, the metal element M, of the first conductive oxidation
layer 11a and the metal element M, of the third conductive
oxidation layer 11¢ may be made of different metals from
cach other, or two types of the respective metal elements 1n
the first to third conductive oxidation layers 11ato 11cmay be
the same, but the remaining one may be different from others.

Then, after conducting back cleaning of the semiconductor
substrate 1, as shown 1n FIG. 4E, the upper electrode 11,
which 1s composed of stacked first, second and third conduc-
tive oxidation layers 11a to 11c¢1s formed by etching the lower
clectrode film 11A. Thereafter, recovery annealing at about
650° C. for about 60 minutes 1s conducted 1n an oxygen (O2)
atmosphere. This heat treatment serves to repair some physi-
cal damage or the like which the ferroelectric film 10a
received when the upper electrode 11 was formed.

Then, as shown 1n FIG. 4F, the ferroelectric film 10 which
will be the capacitor film of the ferroelectric capacitor 1s
formed by patterning the ferroelectric film 10a. Thereafiter,
oxygen annealing for the prevention of the peeling of the
aluminum oxide (Al,O,) film, which will be formed later, 1s
conducted.

Then, as shown 1n FIG. 4G, an aluminum oxide (Al,O;)
f1lm 12 serving as a protection {ilm 1s formed above the whole
surface by the sputtering method. Thereatter, 1n order to alle-
viate damages by sputtering, oxygen annealing 1s conducted.
Owing to this aluminum oxide (Al,O,) film 12, migration of
hydrogen 1nto the ferroelectric capacitor structure from the
outside 1s prevented.

Then, as shown 1n FIG. 4H, by conducting patterming of the
aluminum oxide (Al,O;) film 12 and the lower electrode film
9a, the lower electrode 9 1s formed. Therealter, oxygen
annealing for prevention of peeling of an aluminum oxide
(Al,O,) film, which will be described later 1s conducted.

Then, as shown in FI1G. 41, an aluminum oxide (Al,O;) film
13 which serves as a protection film 1s formed above the
whole surface by the sputtering method. Thereatter, 1n order
to reduce capacitor leakage, oxygen annealing 1s conducted.

Then, as shown 1n FIG. 4], an interlayer insulating film 14
1s formed above the whole surface by the high density plasma
CVD (HDP-CVD) method. The film thickness of the inter-
layer insulating film 14 1s adjusted to, for instance, about 1.5
L.
Then, as shown 1n FIG. 4K, flattening of the interlayer
insulating film 14 1s conducted by the chemical mechanical
polishing (CMP) method. Thereafter, plasma treatment using,
nitrogen oxide (N,O) gas 1s conducted. As aresult, the surface
of the interlayer insulating film 14 1s somewhat nitrided and
moisture migration into the inside becomes difficult. Note
that the plasma treatment 1s effective 1f a gas contaiming at
least erther nitrogen (N) or oxygen (O) 1s used. Then, a via
hole 15z arriving at a high concentration diffusion layer 23 of
the MOSFET 100 1s formed 1n the interlayer insulating film
14, the aluminum oxide (Al,O,) film 13, the aluminum oxide
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(Al,O5) film 85, the silicon oxide film 8¢ and the silicon
nitride film 7. Thereatter, a glue film 154 1s formed on the
inside wall of the via hole 15z by stacking a titantum (1) film
and a titanium nitride (T1N) film 1n turn 1n the via hole 15z by
the sputtering method. Then, after stacking a tungsten (W)
{1lm with a thickness suflicient to fill 1n the via hole 15z by the
CVD method, atungsten (W) plug 15 1s formed 1n the via hole
15z by conducting flattening of the tungsten (W) film until the
surface of the interlayer insulating film 14 1s exposed by the
CMP method.

Then, as shown 1n FIG. 4L, a silicon oxynitride film 16
serving as an oxidation protection film for the tungsten (W)
plug 15 1s formed by, for instance, the plasma speed acceler-
ating CVD method.

Then, as shown 1n FIG. 4M, a via hole 17y arriving at the
upper electrode 11 and a via hole 17z arriving at the lower
clectrode 9 are formed through a silicon oxynitride (S10N)
film 16, the interlayer insulating film 14, the aluminum oxide
(Al,O,) film 13 and the aluminum oxide (Al,O;) film 12 by
ctching. Therealter, oxygen annealing i1s conducted for the
repair of damages to the ferroelectric film 10 caused by the
ctching.

Then, as shown 1n FIG. 4N, the surface of the tungsten (W)
plug 15 1s exposed by eliminating the silicon oxynitride
(S10N) film 16 across the whole surface by etch back. There-
after, a glue film 17a 1s formed on the inside wall of the
respective via holes by stacking a titantum (11) film and a
titanium nitride (TiN) film 1n turn in the via holes 17y and 17z
by the sputtering method. Then, after stacking a tungsten (W)
f1lm with a sufficient thickness to fill the respective via holes
17y and 17z by the CVD method, a tungsten (W) plug 17 1s
formed 1n the via holes 17y and 17z by conducting flattening
of the tungsten (W) film until the surface of the interlayer
insulating film 14 1s exposed by the CMP method.

Then, as shown 1n FI1G. 40, a metal wiring layer composed
of a glue film 18a, a wiring {ilm 18 and a glue film 185 1s
formed.

Concretely, a titanium (11) film about 60 nm thick, a tita-
nium nitride (TiN) film about 30 nm thick, an aluminum
copper (AlCu) alloy film about 360 nm thick, a titamium (11)
film about 5 nm thick and a titantum nitride (TiN) film about
70 nm thick are stacked first above the whole surface by, for
instance, the sputtering method 1n turn. Then, a metal wiring
layer composed of the glue film 184 formed from a titanium
(T1) film and a titantum nitride (TiN) film, a wiring film 18
formed from the aluminum copper (AlCu) alloy film, and the
glue 186 formed from a titanium (11) film and a titanium
nitride (TiN) film 1s formed above the respective tungsten (W)
plugs 15 and 17 by patterning the stacked film 1nto a pre-
scribed shape using the photolithography technology. At this
time, the metal wiring layer connecting to the tungsten (W)
plug 15, and the metal wiring layer connecting to the upper
clectrode 11 or the metal wiring layer connecting to the lower
clectrode 9 are connected with a portion of the wiring film 18
to each other.

Thereatter, furthermore, formation of an interlayer insulat-
ing film, formation of a contact plug and formation of wiring
on the second layer and the following layers thereafter from
the bottom are conducted. Then, a cover film composed of, for
instance, a tetracthyl orthosilicate (TEOS), an oxide film and
a silicon nitride (S1N) film 1s formed to complete a ferroelec-
tric random access memory relating to the present embodi-
ment having a ferroelectric capacitor structure provided with
the lower electrode 9, the ferroelectric film 10 and the upper
clectrode 11.

Here, regarding to the first to third conductive oxidation
layers 11a to 11¢ which form the lower electrode film 11A,
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cach degree of oxidation 1s studied. Concretely, the degree of
oxidation for an IrO_ film, an IrO,, film and an IrOz film based
on the stoichiometric composition IrO, (X, y, z=2) 1s mea-
sured using a high resolution Rutherford back-scattering
spectrometry (RBS) analyzer. The measurement result 1s
shown 1n Table 1 below.

TABLE 1
conductive deposition
oxidation deposition 0as HRBS result x
film temperature Ar:0, (Scem) ([rOx)
[rOx 20° C. 100:52 1.20
[rOx 20° C. 100:59 1.50
[rOx 300° C. 140:60 1.92
[rOy 20° C. 100:100 2.10
[rOy 60° C. 100:100 2.10
[rOz 300° C. 120:80 2.02
[rOz 300° C. 110:90 2.04

As clearly understood from table 1, the degree of oxidation
s higher 1n the IrO_ film than 1n the IrO, film, and especially,
the IrO,, film has a nearly ideal stoichiometeric composition.
A conductive oxidation layer 1n a crystalline state 1s more
likely to grow abnormally than the conductive oxidation layer
in a microcrystalline state. The abnormal growth depends on
the deposition temperature, the throwing power at the time of
deposition, and the film thickness. When depositing at a high
temperature, the film 1s completely crystallized. However,
abnormal growth takes place also on the surface at the time of
crystallization.

The experimental result shows that when an 1ridium oxide
film about 50 nm thick 1s deposited at a deposition tempera-
ture of 300° C., with 1 kW of sputtering power, abnormal
growth cannot be seen on the film surface provided that the
content of oxygen (O, ) 1n the deposition gas 1s 35% or more.
When an irdium oxide film about 25 nm thick 1s deposited,
abnormal growth cannot be seen on the film surface provided
that the content of oxygen (O, ) 1n the deposition gas1s 45% or
lower. When the throwing power at the time of deposition 1s
low, a long deposition time 1s required, the degree of oxida-
tion of the obtained film 1s high and abnormal growth easily
occurs. On the contrary, when the throwing power at the time
of deposition 1s high, the degree of oxidation of the obtained
f1lm 1s low and abnormal growth 1s restricted.

When the deposition temperature 1s low, for instance, when
an 1ridium oxide film 1n a microcrystalline state 1s deposited
at 60° C., no abnormal growth occurs on the surface even
when the content of oxygen (O, ) 1n the deposition gas 1s 50%,
even when the film thickness 1s formed to be 150 nm. In order
to prevent process deterioration, it 1s necessary for the upper
clectrode that the degree of oxidation of the conductive oxide
to be used for the material be high, and no abnormal growth
and no hole 1n film occur. Note that the crystal particle size of
an iridium oxide film varies according to the conditions of
deposition. When the degree of oxidation 1s low at a high
deposition temperature, the crystal particle size of the 1ridium
oxide film becomes a very small stone wall shape or 1s a
columnar shape. When the degree of oxidation 1s high, the
crystal particle size 1s large. On the other hand, the indium
oxide film deposited at a low temperature 1s composed of a
uniform microcrystals, and by the following heat treatment,
they become a columnar shape. Its crystal size 1s larger than
that deposited at a high temperature. Accordingly, in the
present embodiment, the crystal particle sizes of the first,
second and third conductive oxidation layers 11a to 11¢ form-
ing the upper electrode 11 are small, large and middle 1n this
order.
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In the present embodiment, as described above, above the
first conductive oxidation layer 11a, the second conductive
oxidation layer 115, which 1s higher than the first conductive
oxidation layer 11a 1n 1ts degree of oxidation, and the crys-
tallized third conductive oxidation layer 11¢, are formed, and
furthermore, a structure forming a noble metal film 1s taken
according to circumstances. By this structure, occurrence of
abnormal growth of the crystal 1s suppressed 1n the upper
clectrode 11. In the case of the ferroelectric capacitor struc-
ture formed by this method, the ferroelectric film 10 and the
upper electrode film 11 are resistant to reaction, formation of
an interface layer 1s suppressed and 1n addition to that, the
growth of a macro-sized crystal 1s suppressed. Accordingly,
in the heat treatment to be conducted later 1n a reducing
atmosphere, the diffusion of hydrogen occurs with difficulty
and the ferroelectric film 1s resistant to reduction. As a result,
it 15 possible to obtain favorable capacitor characteristics.

In general, iridium (Ir) or platinum (Pt) in a metallic state 1s
widely known as being a catalyst for hydrogen. That 1s,
hydrogen 1s activated when 1t comes into contact with iridium
(Ir) and platinum (Pt) 1n a metallic state. When 1iridium (Ir) or
platinum (Pt) 1s used as a single film 1n the upper electrode, 1t
casily causes process deterioration. Accordingly 1t cannot be
used. If iridium (Ir) or platinum (Pt) 1n a metallic state 1s
formed directly above the first conductive oxidation layer,
process deterioration can easily occur even 1n the upper elec-
trode. For instance, the switching charge of the ferroelectric
capacitor structure after forming the three-layered wiring
becomes 50% or less compared with that before forming the
wiring. This means that in the IrOx film (x=1.3 to 1.8), which
1s the first conductive oxidation layer, since the value of the
composition parameter X 1s smaller than stoichiometric com-
position x=2.0, oxidation loss occurs, and the oxide compo-
nent and the metal component exist 1n a mixture. Hydrogen
produced in the forming step of an iterlayer msulating film
or 1n the forming step of wiring 1s activated, and the capacitor
characteristics are deteriorated by such activated hydrogen.

It1s considered that since the IrOy film and the IrOz film (y,
7z=~2) 1n the second and the third conductive oxidation layer, of
which composition are close to the stoichiometric composi-
tion, have a few oxidation loss and contain few metallic
iridium (Ir), hydrogen 1s resistant to be activated and the
capacitor characteristic 1s kept at a high level without dete-
rioration even after forming a multi-wiring structure above
the ferroelectric capacitor structure.

In other words, according to the present embodiment, it 1s
possible to improve the interface condition between the upper
clectrode and the ferroelectric film and the process deteriora-
tion. As a result, the switching charge is elevated, the coercive
voltage 1s reduced, and the fatigue loss and the imprint are
improved. This type of a ferroelectric capacitor structure 1s
quite suitable for a next-generation ferroelectric random
access memory working at a low voltage.

Second Embodiment

The second embodiment of the present mvention will be
explained next.

In the first embodiment, a planar type ferroelectric random
access memory was explained, but 1 the second embodi-
ment, a stack type ferroelectric random access memory, in
which electric connection of the upper electrode of the ferro-
clectric capacitor 1s taken from above, and electric connection
of the lower electrode of the ferroelectric capacitor 1s taken
from below, will be explained. Note that the sectional struc-
ture of the ferroelectric random access memory will be
explained together with 1ts manufacturing method.
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FIGS. 5A to 5L are sectional views showing the manufac-
turing method of the ferroelectric random access memory
(semiconductor device) relating to the second embodiment 1n
process order.

In the second embodiment, first, as shown 1n FIG. SA, for
instance, a p-well 91 1s formed from an element 1solating and
insulating film 62 above a semiconductor substrate 61, and
moreover, the MOSFETs 101 and 102 are formed above the
semiconductor substrate 61, and at the same time, a silicon
oxynitride (S10N) {ilm 67 covering each MOSFET 1s formed.

Concretely, first, the element 1solating and insulating film
62 1s formed in the element 1solation area of the semiconduc-
tor substrate 61 such as silicon (S1) substrate by, for instance,
the shallow trench 1solation (STI) method so as to determine
the element formation area. Then, in the surface of the ele-
ment formation area of the semiconductor substrate 61, for
istance, boron (B) 1s 1on implanted under the following
conditions, for instance, 300 keV in energy, 3.0x10"° cm™in
dose amount to form the p-well 91. Thereafter, a silicon oxide
{1lm of about 3 nm in thickness 1s formed on the semiconduc-
tor substrate 61 by, for instance, heat oxidation method. Then,
a polycrystalline silicon film of about 180 nm in thickness 1s
tormed on the silicon oxide film by the CVD method. Then,
patterning to leave the polycrystalline silicon film and the
s1licon oxide film on only the element formation area 1s con-
ducted to form a gate insulating film 63 made from the silicon
oxide film and a gate electrode 64 made from the polycrys-
talline silicon film.

Then, using the gate electrode 64 as a mask, for instance,
phosphorus (P) 1s 1on implanted on the surface of the semi-
conductor substrate 61 under the following conditions, 13
keV in energy, 5.0x10"* cm™” in dose amount to form an n~
type low concentration diffusion layer 92. Then, after form-
ing a silicon oxide (510, ) film of about 300 nm 1n thickness on
the whole surface by the CVD method, anisotropic etching 1s
conducted to form a side wall 66, leaving the silicon oxide
(S10,) film only on the side wall of the gate electrode 64.

Then, using the gate electrode 64 and the side wall 66 as a
mask, for instance, arsenic (As) 1s 1on implanted on the sur-
face of the semiconductor substrate 61 under the following
conditions, 10 keV in energy, 5.0x10™* cm™* in dose amount
to form an n™ type high concentration diffusion layer 93.

Then, for instance, a titanium (11) film 1s deposited on the
whole surface by the sputtering method. Thereatfter, by con-
ducting heat treatment at 400° C. to 900° C., the polycrystal-
line silicon film and the titantum (T1) film of the gate electrode
64 are allowed to react and form a silicide layer 65 above the
upper surface of the gate electrode 64. Thereafter, the unre-
acted titanium ('11) film 1s removed by using hydrofluoric acid
or the like. By these procedures, the MOSFETs 101 and 102
provided with a source/drain diffusion layer including the
gate insulating {ilm 63, the gate electrode 64, the silicide layer
65, the side wall 66, and the low concentration diffusion layer
92 and the high concentration diffusion layer 93 are formed.
It should be noted that 1n the present embodiment, the expla-
nation was made by using an example of forming the n-chan-
nel type MOSFET, and 1t 1s also possible to form a p-channel
type MOSFET. Then, the silicon oxynitride (S1ON) film 67 of
about 200 nm 1n thickness 1s formed on the whole surface by
the plasma CVD method.

Next, as shown 1n FIG. 5B, after depositing a silicon oxide
f1lm of about 1000 nm in thickness on the silicon oxynitride
(S10N) film 67 by the plasma CVD, 1t 1s flattened by the CMP
method to form an interlayer insulating film 68 about 700 nm
thick and made of a silicon oxide film. Then, via holes 69z
having a diameter of, for instance, about 0.25 um arriving at
the high concentration diffusion layers 93 of the respective
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MOSFETs, are formed 1n the interlayer insulating film 68 and
the silicon oxynitride (S1ON) film 67. Thereafter, in the via
holes 697, glue films 69a are formed by stacking a titanium
(T1) film of about 30 nm 1n thickness and a titanium nitride
(TiN) film of about 20 nm 1n thickness 1n turn by the sputter-
ing method. Then, furthermore, after depositing a tungsten
(W) film having a thickness sufficient enough to fill the
respective via holes 69z, tungsten (W) plugs 695 and 69c¢ are
tformed 1n the via holes 69z by tlattening the tungsten (W) film
t11l the surface of the interlayer insulating film 68 1s exposed
by the CMP method. Here, the tungsten (W) plug 695 1s that
connecting to one of source/drain diffusion layers of the
respective MOSFET, and the tungsten (W) plug 69c¢ 1s that
connecting to the other of the source/drain diffusion layers.

Next, as shown 1n FI1G. 5C, a silicon oxynitride (S1ON) film
70 to be an oxidation protection film of about 130 nm 1n
thickness 1s formed above the whole surface by the plasma
CVD method. Then, an interlayer insulating film 71 made of
a silicon oxide film of about 300 nm 1n thickness 1s formed
above the silicon oxynitride (S10N) film 70 by the plasma
CVD method using TEOS as a raw material. Then, via holes
72z of about 0.25 um 1n diameter for instance, which expose
the surfaces of the tungsten (W) plug 6956 are formed 1n the
interlayer insulating film 71 and the silicon oxynitride (S1ON)
film 70. Thereatter, 1n the via holes 72z, glue films 72q are
formed by stacking a titanmium (T1) film of about 30 nm 1n
thickness and a titanium nitride (TiN) film of about 20 nm 1n
thickness in turn by the sputtering method. Then, further-
more, after depositing a tungsten (W) film having the thick-
ness sullicient enough to fill the respective via holes 72z by
the CVD method, tungsten (W) plugs 725 are formed 1n the
via holes 72z by flattening the tungsten (W) film till the
surface of the interlayer msulating film 71 1s exposed by the
CMP method.

Thereatter, the surface of the interlayer insulating film 71 1s
processed with ammonia (NH, ) plasma, so that the NH group
1s bonded to an oxygen atom on the surface of the interlayer
insulating film 71. This ammonia plasma treatment 1s con-
ducted, for instance, 1n the following manner that ammonia
gas 1s supplied at a flow rate of about 350 sccm 1n a treatment
vessel kept under a pressure of about 266 Pa (2 Torr) and at a
substrate temperature of about 400° C., and a high frequency
of about 13.56 MHz 1s applied to the semiconductor substrate
61 at about 100 W power or a high frequency of about 350
kHz 1s applied to a counter electrode at about 55 W power, for
about 60 second respectively, using a parallel plate type
plasma treatment apparatus having the counter electrode

placing away about 9 mm (350 mils) from the semiconductor
substrate 61.

Next, as shown 1n FIG. 5D, a titanium nitride (T1N) film 73
1s formed above the interlayer insulating film 71 and the
tungsten (W) plug 72b.

Concretely, first, a titanium ('11) film 1s formed above the
whole surface by sputtering to supply DC power of about 2.6
kW at the substrate temperature of about 20° C. for about 7
seconds 1n an argon (Ar) atmosphere at a pressure of about
0.15 Pa, using a sputtering apparatus setting the distance
between the semiconductor substrate 61 and the target, for
instance, at about 60 mm. Since this titanium (11) film 1s
formed above the ammonia-plasma treated interlayer insulat-
ing film 71, its titamium (11) atom can freely move on the
surface of the interlayer insulating film 71 without being
caught by an oxygen atom of the interlayer insulating film 71,
and as a result, 1t becomes a self-organized titanium (11) film,
of which crystal plane 1s oriented to (002) plane. Then, by
conducting the RTA treatment at about 650° C. for about 60
seconds under a nitrogen atmosphere, the titanium nitride
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(TiN) film 73 1s formed. Here, the crystal plane of the titanium
nitride (T1N) film 73 onents to (111) plane.

Next, as shown 1in FIG. SE, a titanium aluminum nitride
(T1AIN) film 74a of about 100 nm 1n thickness 1s formed by a
reactive sputtering method using a target made by alloying
titanium (11) and aluminum (Al) on the titantum nitride (TiN)
film 73. The titanium aluminum nitride (T1AIN) film 74a 1s
tormed by, for instance, a sputtering method 1n a mixed atmo-
sphere of argon (Ar) at the flow rate of about 40 sccm and
nitrogen at the flow rate of about 10 sccm, under the following,
conditions, about 253.3 Pa, a substrate temperature about
400° C., and an electric power about 1.0 kW. The titanium
aluminum nitride (T1AIN) film 74a serves as a lower layer
film of the lower electrode. Then, above the titanium alumi-
num nitride (T1AIN) film 74a, an iridium (Ir) film 7456 of
about 100 nm 1n thickness 1s formed by, for instance, a sput-
tering method 1n an argon (Ar) atmosphere under conditions
ol a pressure about 0.11 Pa, a substrate temperature about
500° C., and an electric power about 0.5 kW. This iridium (Ir)
film 745 serves as an upper layer film of the lower electrode.
It should be noted that 1t 1s possible to use metal such as
platinum (Pt) or a conductive oxide such as platinum oxide
(PtO), indium oxide (IrO,) and stronttum ruthemium oxide
(StRuO,) mstead of the iridium (Ir) film 745. Furthermore, a
stacked film of metal or metal oxide can be used as a film
forming the lower electrode.

Next, as shown 1n FIG. SF, a ferroelectric film 75A which
will be a capacitor film 1s formed above the indium (Ir) film
74b by the MO-CVD method. Concretely, the ferroelectric
film 75A of the present embodiment 1s formed from a PZT

f1lm having a two layered structure (a first PZT film 75a and
a second PZT film 735b).

More concretely, first, Pb(DPM),, Zr(dmhd), and Ti(O-
10r),(DPM), are respectively dissolved 1n a tetrahydrofuran
(THF:C,H,0O) solvent at a concentration of about 0.3 mol/l to
form respective liquid raw materials of lead (Pb), zirconium
(Zr) and titanium ('11). Then, these liquid raw matenals are
supplied to the vaporizer of the MO-CVD apparatus at a tlow
rate of about 0.326 ml/m., about 0.200 ml/m. and about 0.200
ml/m., respectively together with the THF solvent at a tlow
rate of about 0.474 ml/m. so as to vaporize them to form raw
maternial gases for lead (Pb), zirconium (Zr) and titamium (11).
Then, 1n the MO-CVD apparatus, by supplying the raw mate-
rial gases of lead (Pb), zirconium (Zr) and titantum (11) for
about 620 seconds under a pressure of about 665 Pa (5 Torr)
and a substrate temperature of about 620° C., the first PZT
film 75a of about 100 nm in thickness 1s formed above the
iridium (Ir) film 7464.

It 1s preferable to conduct heat treatment for about 60
seconds at 600° C. to 620° C. 1n an atmosphere containing
oxygen. By this heat treatment, adsorbed impurities existing
on the surface of the first PZT film 75a are eradicated. It 1s
possible to enhance capacitor characteristics more 1n this
way.

Then, by applying the sputtering method to the whole
surface, an amorphous second PZT film 735 of about 1 nm to
30 nm 1n thickness, about 20 nm 1n the present embodiment.
When forming the second PZT film 756 by the MO-CVD
method, a material prepared by dissolving Pb(DPM),(Pb
(C,,H,,0,),) in the THF liquid as an organic source for
supplying lead (Pb) 1s used. As an organic source for supply-
ing zirconium (Zr), a material dissolving Zr (DMHD),(Zr
((CoH, O,),) 1inthe THF liquid 1s used. As an organic source
for supplying titanium (11), a matenal prepared by dissolving
T1(O-1Pr),(DPM),(T1{(C ;H-0),(C, ,H,,0,),) in the THF lig-
uid 1s used.
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It should be noted that although 1n the present embodiment,
formation of the ferroelectric film 75A i1s conducted by the
MO-CVD method and the sputtering method, 1t 1s not limited
to those, but 1t 1s possible to form 1t by, for instance, the sol-gel
method, the organic metal decomposition method, the CSD
method, the chemical-vapor deposition method or the epi-
taxial growth method.

Next, as shown 1n FIG. 5G, an upper electrode film 76 A 1s
formed above the ferroelectric film 75A.

The upper electrode film 76A 1ncludes a first conductive
oxidation layer 76a made of an oxide of which stoichiometric
composition 1s expressed by a chemical formula M, O, using
a composition parameter X,, and its practical composition 1s
expressed by a chemical formula M, O_, using a composition
parameter X,, a second conductive oxidation layer 765
formed above the first conductive oxidation layer 76a and
made of an oxide of which stoichiometric composition 1s
expressed by a chemical formula M,0O,,, using a composition
parameter y,, and its practical composition 1s expressed by a
chemical formula M,0O,; using a composition parameter y.,
and a third conductive oxidation layer 76c¢ formed above the
second conductive oxidation layer 765 and made of an oxide
of which stoichiometric composition 1s expressed by a chemi-
cal formula M,0O_, using a composition parameter z,, and 1ts
practical composition 1s expressed by a chemical formula
M,O_, using a composition parameter z,. Here, the second
conductive oxidation layer 765 has a degree of oxidation
higher than those of the first and the third conductive oxida-
tion layers 76a and 76¢, and the composition parameters X,
X, Y1, ¥, Z, and z,, have the following relations therebetween,
VIV >X5/X,, V,IY,>Z,/Z,, and Z.,/Z,ZX,/X,. In the present
embodiment, the case that all of M,, M, and M, 1s taken as
iridium (Ir), and, for mstance, x, 1s about 1.9, y, 1s about 2.1
and z, 1s about 2.0, will be instantiated (note that these values
are results of the HRBS analysis). In this case, x,,y, and z,=2.
Heremafter, x,, v, and z, are described as x, y and z respec-
tively, for the convenience’” sake 1n description.

When forming the upper electrode film 76 A, first, the first
conductive oxidation layer 76a 1s formed above the ferroelec-
tric film 75A.

An 1irdium oxide (IrOx) film, which 1s formed by crystal-
lization at the time of deposition, 1s deposited above the
ferroelectric film 75 A 1n film thickness o1 20 nm to 70 nm, for
instance, about 25 nm, by, for instance, the sputtering method
to form the first conductive oxidation layer 76a. For instance,
the deposition temperature at this time 1s set at 300° C., argon
(Ar) gas and oxygen (O,) are used as the deposition gas, and
the tlow rate of the deposition gases 1s set to be 140 sccm for
argon (Ar) and 60 sccm for oxygen (O,). The sputtering
power 1s about 1 kW.

Then, 1n an atmosphere containing argon (Ar) and oxygen
(O,) (for mstance argon (Ar): 2000 sccm, O,: 20 sccm), RTA
1s conducted, for mstance, at 725° C. and for 60 seconds. By
this heat treatment, the ferroelectric film 75A 1s completely
crystallized, and the plasma damage which the first conduc-
tive oxidation layer 76a received at the time of deposition can
be repaired, and oxygen loss from the ferroelectric film 75A
1s replaced.

Then, the second conductive oxidation layer 765 1s formed
above the first conductive oxidation layer 76a.

An 1ridium oxide (IrO, ) film 1s deposited of a thickness of
100 nm to 150 nm above the first conductive oxidation layer
76a by, for instance, the sputtering method to form the second
conductive oxidation layer 76b. At this time, the deposition
temperature 1s set within the range 30° C. to 100° C., more
preferably within the range 50° C. to 75° C., so that the
iridium oxide (IrO,) 1s maintained in a microcrystalline state
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at the time of deposition. Argon (Ar) and oxygen (O,) are
used as the deposition gas, and the flow rate of the gases 1s
controlled at, for instance, 100 sccm of argon (Ar), and 100
sccm of oxygen (O, ) so that the content of oxygen (O, ) 1n the
gas 1s higher than that of the first conductive oxidation layer
76a (so that the degree of oxidation 1s higher than that at the
time of forming the first conductive oxidation layer 76a). The
sputtering power 1s adjusted to, for instance, about 1 kW. At
this time, no abnormal oxidation occurs 1n the second con-
ductive oxidation layer 764, and the iridium oxide (IrO,)
having a composition in a uniform microcrystalline state 1s
obtained.

At this time, 1t 1s preferable to form iridium oxide (IrO,) of
the second conductive oxidation layer 765 so as to have a
composition close to the stoichiometric composition of 1r1-
dium oxide (IrO.,). By this formation, no catalytic function to
hydrogen 1s created, and a problem that the ferroelectric film
75 A 1s reduced by a hydrogen radical 1s suppressed so that the
hydrogen resistance of the ferroelectric capacitor structure 1s
improved.

Then, 1n an atmosphere containing argon (Ar) and oxygen
(O,) ({or instance argon (Ar): 2000 sccm, O,: sccm), RTA 1s
conducted, for instance, at 700° C. and for 60 seconds. By this
heat treatment, it 1s possible that the adherence among the
terroelectric film 75A, the first conductive oxidation layer
76a and the second conductive oxidation layer 7656 1s
improved, the crystallimity of the second conductive oxida-
tion layer 765 1s more stabilized, and defects such as oxygen
loss or the like can be reduced.

Then, the third conductive oxidation layer 76c¢ 1s formed
above the second conductive oxidation layer 76b.

The indium oxide (IrO, ) film 1s deposited above the second
conductive oxidation layer 765 1n a thickness of 20 nm to 100
nm by, for instance, the sputtering method to form the third
conductive oxidation layer 76¢. At this time, the deposition
temperature 1s set at 150° ¢. to 500° C., for mstance, 300° C.,
so that the indium oxide (IrO_) 1s crystallized at the time of
deposition. Argon (Ar) and oxygen (O, ) are used as the depo-
sition gas, and the tlow rate of the deposition gas 1s controlled
at, for mstance, 140 sccm of argon (Ar), and 60 sccm of
oxygen (O,) so that the content of oxygen (O, ) 1n the depo-
sition gas 1s lower than that of the second conductive oxida-
tion layer 765 (so that the degree of oxidation 1s lower than
that at the time of forming the second conductive oxidation
layer 76b). The sputtering power 1s adjusted to, for instance,
about 1 kW to 2 kW. At this time, no abnormal oxidation
occurs 1n the third conductive oxidation layer 76c¢, and 1r1-
dium oxide (IrO_) having a composition in a umiform crystal-
line state 1s formed.

Next, a fourth layer 764 made of noble metal, for instance,
iridium (Ir), ruthenium (Ru) or the like, or an alloy containing
such noble metals and of about 50 nm to 150 nm 1n thickness
may be formed above the third conductive oxidation layer
76¢c. Owing to the fourth layer 76d, the etching damages
produced during wiring at the time of formation of the upper
clectrode 76 to be described later are reduced. When 1rndium
(Ir) 1s used as the noble metal, for mstance, the deposition
temperature 1s set at 400° C., 1t 1s formed from a deposition
gas having a flow rate of argon (Ar): 199 sccm by the sput-
tering method.

As above, the upper electrode film 76 A composed of the
first conductive oxidation layer 76a, the second conductive
oxidation layer 765, the third conductive oxidation layer 76c¢
and the fourth layer 764 stacked 1n turn 1s formed above the
terroelectric film 75A.

In the present embodiment, although the example of form-
ing the first conductive oxidation layer 76a, the second con-
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ductive oxidation layer 765 and the third conductive oxida-
tion layer 76c composing the upper electrode film 76 A with
iridium oxide 1s shown, the present invention 1s not limited to
this, 1t 1s also possible to apply a film made of at least one kind
of oxide selected from, for instance, the group consisting of
platinum oxide, ruthenium oxide, strontium ruthenium oxide,
rhodium oxide, rhenium oxide, osmium oxide and palladium
oxide to the respective layers 76a to 76c¢. In this case, a form
of conducting sputtering using a target containing at least one
kind of noble metal element selected from the group consist-
ing of platinum (Pt), ruthentum (Ru) strontium (Sr) and ruthe-
nium, rhodium (Rh), rhenium (Re), osmium (Os) and palla-
dium (Pd) under conditions of occurring oxidation of the
noble metal element 1s taken.

In this case, there could be various combinations such as,
the metal element M, of the first conductive oxidation layer
76a and the metal element M, of the second conductive oxi-
dation layer 760 may be made different from each other, the
metal element M, of the first conductive oxidation layer 76a
and the metal element M, of the third conductive oxidation
layer 76c may be made differently from each other, or two
types ol the respective metal elements in the first to third
conductive oxidation layers 76a to 76c may be the same, and
the remaining one may be different from the others.

Then, as shown 1n FIG. 5H, after conducting back cleaning
of the semiconductor substrate 61, a hard mask (not shown)
covering only a ferroelectric capacitor formation area 1is
formed above the fourth film 76d. Here, as the hard mask, a
titanium nitride film of about 200 nm 1n thickness at a tem-
perature of about 200° C., and a silicon oxide film using
TEOS of about 390 nm 1n thickness at a temperature of about
390° C. are formed 1n order to form the hard mask by pattern-
ing these films.

Then, by conducting etching using the hard mask, the
upper electrode film 76 A, the ferroelectric film 75A, the
iridium (Ir) film 7456, the titanium aluminum nitride (T1AIN)
film 74a and the titantum nitride (TiN) film 73 in the area
excepting the ferroelectric capacitor formation area are elimi-
nated. Thereby, a ferroelectric capacitor structure 1s formed in
the ferroelectric capacitor formation area, which 1s provided
with the lower electrode 74 composed of the titanium alumi-
num nitride (T1AIN) film 74q and the iridium (Ir) film 745, the
terroelectric film 75 composed of the first PZT film 75a and
the second PZT film 7556 and the upper electrode 76 com-
posed of the first conductive oxidation layer 76a, the second
conductive oxidation layer 765, the third conductive oxida-
tion layer 76¢ and the fourth layer 76d. Then, after elimina-
tion of the hard mask, heat treatment, for instance, at 300° C.
to 500° C., for 30 min. to 120 min. 1s conducted.

Then, as shown 1n FIG. 51, an aluminum oxide (Al,O, ) film
78 1s formed to cover the ferroelectric capacitor structure and
the mterlayer msulating film 71, and at the same time, an
interlayer msulating film 79 1s formed above the aluminum
oxide (Al,O,) film 78.

Concretely, first, after depositing the aluminum oxide
(Al,O,) film of about 20 nm 1n thickness by the sputtering
method, repair of oxygen loss occurring when the ferroelec-
tric capacitor 1s created by conducting heat treatment at 600°
C. 1mn an oxygen atmosphere. Then, the aluminum oxide
(Al,O,) film 78 1s formed by deposition of the aluminum
oxide (Al,O,) film of about 20 nm 1n thickness using the CVD
method. It 1s also possible here to form an aluminum oxide
(Al,O,) film of about 2 nm 1n thickness by the ALD method
instead of the aluminum oxide (Al,O;) film 78.

Then, for the purpose of repairing damage to the ferroelec-
tric film 75, recovery annealing 1s performed on the ferroelec-
tric film 735 1n an atmosphere containing oxygen. Although
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there 1s no specific limitation for the conditions of the recov-
ery annealing, the present embodiment takes the substrate
temperature 1n a furnace within the range of 550° C. to 700°
C. When the ferroelectric film 75 1s a PZT film, 1t 1s preferable
to conduct the annealing 1n an oxygen atmosphere at 600° C.
for 60 minutes. It 1s also possible to form an aluminum oxide
(AL,O,) film (not shown) so as to cover the aluminum oxide

(Al,O;) film 78 with a thickness of, for instance, about 40 nm
by the CVD method.

Then, a silicon oxide film of about 1500 nm 1n thickness 1s
deposited by the CVD method using, for instance, plasma
TEOS on the whole surface, and thereaiter, the interlayer
insulating film 79 1s formed by flattening the silicon oxide
film by the CMP method. Here, when a silicon oxide film 1s
formed as the interlayer insulating film 79, for instance,
TEOS gas or a mixture gas of oxygen gas and helium gas 1s
used as a raw material gas. It should be noted that 1t 1s also
possible to form, for instance, an mnorganic film or the like
having insulating properties as the interlayer insulating film
79. Thereaiter, heat treatment 1s conducted 1n a plasma atmo-
sphere generated by using nitrous oxide (N,O) gas or nitro-
gen (N,) gas or the like. As a result of this heat treatment,
moisture in the interlayer mnsulating film 79 1s eliminated and,
at the same time, the film properties of the interlayer insulat-
ing film 79 are varied, so that moisture finds difficulty 1n
trying to migrate into the mterlayer insulating film 79.

Then, as shown 1n FIG. 5], an aluminum oxide (Al,O;) film
80 of 20 nm to 100 nm 1n thickness, acting as a barrier film, 1s
tormed above the whole surface by, for instance, the sputter-
ing method or the CVD method. Since the aluminum oxide
(Al,O,) film 80 1s formed above the flattened interlayer insu-
lating film 79, 1t 1s formed flat. Thereafter, a silicon oxide film
1s deposited above the whole surface by, for instance, the
CVD method using a plasma TEOS, and then, the silicon
oxide film 1s flattened by the CMP method to form an inter-
layer 1nsulating film 81 of 800 nm to 1000 nm 1n thickness.
Note that 1t 1s also possible to form a silicon oxynitride
(S10N) film, silicon nitride film or the like as the interlayer
insulating film 81.

Next, first, after via holes 82z allowing to expose the sur-
face of an iridium (Ir) film 77, which 1s a hydrogen barrier film
in the ferroelectric capacitor, are formed 1n the interlayer
insulating film 81, the aluminum oxide (Al,O,) film 80, the
interlayer msulating film 79 and the aluminum oxide (Al,O;)
film 78, heat treatment 1s conducted at about 550° C. 1n an
oxygen atmosphere, so that oxygen loss produced in the
terroelectric film 75 when the wvia holes are formed 1is
repaired. Thereatter, as shown 1n FIG. 5K, a titanium (11) film
1s deposited 1n the via hole 82z by, for instance, the sputtering
method, and thereafter, titanium nitride (TiN) films are
deposited in turn by the MO-CVD method to form a glue film
82a, which 1s a stacked film of the titanium ('11) film and the
titanium nitride (TiN) film. In this case, since carbon elimi-
nation from the titanium nitride (TiN) film 1s necessary, it
requires treatment 1n a mixture gas plasma of nitrogen and
hydrogen. However, since the indium (Ir) film 77 which
functions as a hydrogen barrier film in the ferroelectric
capacitor, 1s formed in the present embodiment, there 1s no
problem of reducing the ferroelectric film 75 by the migration
of hydrogen 1nto the ferroelectric film 75.

Then, after deposition of a tungsten (W) film having a
thickness suilicient enough to fill inside the via hole 82z by
the CVD method, a tungsten (W) plug 825 1s formed 1n the via
hole 82z by flattening the tungsten (W) {ilm until the surface
of the mterlayer msulating film 81 1s exposed by the CMP
method. Then. after a via hole 83z exposing the surface of the
tungsten (W) plug 69c¢ 1s formed 1n the interlayer insulating,
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film 81, the aluminum oxide (Al,O;) film 80, the interlayer
insulating film 79, the aluminum oxide (Al,O,) film 78, the
interlayer insulating film 71 and the silicon oxynitride (SlON)
f1lm 70, a glue film 83a composed of a TiN (titanium nitride)
f1lm 1s formed in the viahole 83z. It 1s also possible to form the
glue film 83a by depositing a titanium (11) film by, for
instance, the sputtering method, then depositing a titanium
nitride (T1N) film 1n turn by the MO-CVD method, so that the
glue f1lm 83a 1s formed as that composed of a stacked film of
the titanium ('11) film and the titanium nitride (TiN) film.
Then, after depositing a tungsten (W) film having a thickness
suificient enough to fill inside the via hole 83z, a tungsten (W)
plug 83H 1s formed in the via hole 83z by flattening the
tungsten (W) film until the surface of the interlayer insulating,
f1lm 81 1s exposed by the CMP method.

Next, as shown i1n FIG. SL, a metal wiring layer 84 1s
formed.

Concretely, first, a titanium (11) film of about 60 nm 1n
thickness, a titanium nitride (TiN) film of about 30 nm in
thickness, an aluminum copper (AlCu) alloy film of about
360 nm 1n thickness, a titanium (T11) film of about 5 nm 1n
thickness and a titanium nitride (TiN) film of about 70 nm 1n
thickness are stacked in turn. Then, the metal wiring layer 84
composed of a glue film 84a formed from the titanium (11)
film and the titanium nitride (TiN) film, a wiring film 845
formed from the aluminum copper (AlCu) alloy film, and a
glue film 84¢ formed from the titanium (I1) film and the
titanium nitride (TiN) film 1s formed above the respective
tungsten plugs 8256 and 835 by patterning the stacked film in
a prescribed shape using the photolithographic technology.

Then, after forming the interlayer insulating film and con-
tact plugs further, metal wiring layers below the second layer
are formed, so that a ferroelectric random access memory
relating to the present embodiment having a ferroelectric
capacitor structure provided with the lower electrode 74, the
terroelectric film 735 and the upper electrode 76 1s completed.

The test result of electric characteristics of the ferroelectric
capacitor structure 1n the present embodiment, which 1s con-
ducted by the present inventor will be explained next.

The respective samples for the upper electrodes are pre-
pared as follows. As for the common conditions for each
sample, 1iriddium oxide (IrOx) as the first conductive oxidation
layer 1s formed under the condition that the deposition tem-
perature 1s 300° C., and oxygen content in the deposition gas
15 30% to have the film thickness of about 25 nm, and the heat
treatment 1s conducted under condition of RTA. Iridium oxide
(Iroy) as the second conductive oxidation layer 1s formed
under the conditions that the deposition temperature 1s 60° C.,
and oxygen content 1n the deposition gas 1s 50%, and the heat
treatment 1s conducted under condition of RTA. Iridium oxide
(IrOz) as the third conductive oxidation layer 1s formed at the
deposition temperature of 300° C. Iridium (Ir) as the fourth
f1lm 1s formed at about 100 nm 1n thickness.

The structures of the respective samples (1) to (4) for the
upper electrodes are as follows.

(1) IrOx: film thickness 25 nm/IrOy: film thickness 125
nm/Ir: thickness 100 nm

(2) IrOx: film thickness 25 nm/IrOy: film thickness 125
nm/IrOz: film thickness 25 nm (O,: 10%)/Ir: film thickness
100 nm

(3) IrOx: film thickness 25 nm/IrOy: film thickness 125
nm/IrOz: film thickness 25 nm (O,: 30%)/Ir: film thickness
100 nm

(4) IrOx: film thickness 25 nm/IrOy: film thickness 125
nm/IrOz: film thickness 25 nm (O,: 45%)/Ir: film thickness
100 nm
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For the respective ferroelectric capacitor structure having,
the respective samples (1) to (4) as an upper electrode, the
clectric characteristics of the process out (after forming five
layered wiring) are measured. FIG. 6 shows switching
charges (reverse charge, applied voltage at 1.8V) of Discrete
(when 50 pieces of square ferroelectric capacitor structure of
50 umx50 um 1n plane shape are produced on a silicon sub-
strate 1n a manner that the ferroelectric capacitor structures
are 1solated from each other) and Cell Array (when 50 spots of
cell areas formed by densely collecting 5152 pieces of the
same ferroelectric capacitor structure of 0.7 umx0.7 um 1n
S1Z¢€).

By the conventional method (the method described in
Patent Document 1), the reverse charge is 2.0x10™> C/cm? or
less, and the ferroelectric capacitor structure 1s significantly
deteriorated (not shown). As shown 1n FIG. 6, there 1s not so
much difference among the case of depositing 1ridium oxide
(IrOz), the case o1 10% oxygen content and the case ol reverse
charge without iriddium oxide (IrOz). On the other hand, when
the oxygen content are 30% and 45%, the reverse charges of
the ferroelectric capacitor structure increase by about 8%.

FI1G. 7A corresponds to Discrete and FI1G. 7B corresponds
to Cell Array, and they are characteristic diagrams showing,
the result of measuring the relation between the applied volt-
age and the switching charge Qsw of the ferroelectric capaci-
tor structure 1n the ferroelectric random access memory.

As shown 1n FIGS. 7A and 7B, as for the sample structure
(2), the reverse charge (switching charge Qsw=[(N-U )+(P-
D) 2] 1s a little higher 1n the case of Discrete than 1n the case
of Cell Array. As for the sample structures (3) and (4), 1t 1s
understood that 1n both cases of Discrete and Cell Array,
switching charges Qsw higher than those of the sample struc-
ture (1) can be obtained over the whole applied voltage range
from low voltage to the saturated voltage, and the gradient
thereol becomes steep.

In the conventional method (the method described in
Patent Document 1), when the deposition temperature of the
second conductive oxidation layer 1s not controlled, the sec-
ond conductive oxidation layer 1s amorphous, and holes 1n
f1lm 1s easily produced by the following heat treatment. These
holes are low 1n hydrogen resistance and water resistance, and
deterioration easily occurs during processing. On the con-
trary, by controlling the deposition temperature of the second
conductive oxidation layer to 60° C., uniformly microcrys-
talline 1ridium oxide (IrO,) 1s obtained, and even when crys-
tallized by the following heat treatment, holes 1n the indium
oxide (IrO,) layer are significantly reduced, and resistance
abilities against process deterioration are improved. Further-
more, by depositing the crystallized third conductive oxida-
tion layer above the second conductive oxidation layer, the
resistance ability against process deterioration of the ferro-
clectric capacitor structure 1s further improved. When oxygen
content 1s 10%, since 7z 1n IrOz 1s low, 1t 1s an unstable 1ridium
oxide (IrOz) compound and although holes 1n film are not
created, the barrier-ability against hydrogen migration 1s
reduced. Accordingly, some extent of process deterioration
can be found. On the contrary, when oxygen content 1s 30% or
more, IrOz 1s a stable compound, so holes 1n film are not
created, and hydrogen can be blocked, which results 1n sig-
nificant improvement 1n the resistance ability against process
deterioration.

In other words, by depositing the second conductive oxi-
dation layer 1n a microcrystalline state at a low temperature, a
uniform film can be obtained even when conducting heat
treatment thereaiter. Furthermore, by depositing the third
stable crystalline state conductive oxidation layer above the
second conductive oxidation layer, hydrogen or moisture
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migration from the interlayer insulating film above the upper
clectrode 1s completely blocked, so that the deterioration of
the ferroelectric capacitor structure 1s suppressed as much as
possible.

FIG. 8 A shows a ferroelectric capacitor structure formed
according to the conventional method (the method described
in Patent Document 1), and FIGS. 8B and 8C show the fer-
roelectric capacitor structure according to the present mven-
tion respectively. As for the respective layers forming the
respective upper electrodes 1n the drawings i FIGS. 8A, 8B
and 8C, they are described as follows for convenience. That
1s, 1n FI1G. 8A, the upper electrode IrO1, the upper electrode
IrO2 and the crystallized upper electrode Ir from the bottom,
in FIG. 8B, the upper electrode IrO1, the upper electrode
IrO2, the upper electrode IrO3 and the crystallized upper
clectrode iridium (Ir) from the bottom, 1n FIG. 8C, the upper
electrode IrO,, the upper electrode IrO,, the upper electrode
IrO_ and the crystallized upper electrode iridium (Ir) from the
bottom, respectively.

In the second conductive oxidation layer in FIG. 8 A, since
the deposition temperature 1s not controlled, the lower layer
takes on an amorphous state, and the upper layer takes on a
columnar structure. After application of a heat treatment, the
amorphous lower layer 1s shirred, and many oxygen vacan-
cies are created. In this case, since the migration path for
hydrogen or moisture 1s short, the ferroelectric film 1s con-
sidered to be easily deteriorated.

On the other hand, since the method according to the
present invention described 1n FIGS. 8B and 8C, controls the
deposition temperature of the second conductive oxidation
layer, iridium oxide (IrO,) with a stable microcrystalline state
1s produced. With the application of heat treatment to the
second conductive oxidation layer, uniform stone wall shaped
or columnar shaped iridium oxide (IrO,) 1s obtained. Further-
more, the degree of oxidation 1s lower than that of the second
conductive oxidation layer and by forming the third conduc-
tive oxidation layer 1n a crystalline state without generating
the hole 1 film, abnormal growth of crystals in the upper
clectrode 1s reduced. By controlling the crystal size, the cre-
ation of the hole 1n film can be reduced to a minimum, and the
migration path of hydrogen and moisture 1s extended. This 1s
considered to be the reason why the ferroelectric film 1s
resistant to deterioration.

From the result described above, 1n the present embodi-
ment, owing to the first conductive oxidation layer formed
above the ferroelectric film, the interface with the ferroelec-
tric {ilm 1s improved. Further, by forming the microcrystalline
second conductive oxidation layer which i1s higher 1n 1ts
degree of oxidation than that of the first conductive oxidation
layer, above the first conductive oxidation layer, creation of
holes 1n film 1s suppressed. Furthermore, by forming the third
conductive oxidation layer 1n a crystalline state above the
second conductive oxidation layer, creation of holes 1n film 1s
turther suppressed. Thereby, process deterioration can be
suppressed and abnormal growth in the upper electrode 1s
suppressed, so that a uniformly crystallized upper electrode
can be obtained. The ferroelectric capacitor structure 1is
extremely suitable to be applied to a next-generation ferro-
clectric memory operating at low voltage.

Third Embodiment

A third embodiment of the present mmvention will be
explained next. In the present embodiment, a stacked type
terroelectric random access memory will be disclosed simi-
larly to the second embodiment, but 1t differs from the second
embodiment 1n such that the structure of the tungsten (W)
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plug differs 1n some respects. In the present embodiment,
only the differences from the second embodiment will be
explained using a schematic sectional view of the completed
terroelectric random access memory corresponding to FIG.
5L. Note that the same parts as explained 1n the second
embodiment are attached with the same symbols or numerals.

In the second embodiment, as shown 1n FIG. 5C, when
forming the tungsten (W) plug 725 flatly by the CMP method,
it 1s somewhat difficult to flatten the surface of the interlayer
insulating film 71 and the surface of the tungsten (W) plug
726 uniformly. In general, the height of the upper surface of
the tungsten (W) plug 725 1s lower than that of the interlayer
insulating film 68, which results 1n formation of a recess
(groove) 1n the interlayer insulating film 71 around the tung-
sten (W) plug 725. The depth of this recess 1s about 20 nm to
50 nm, typically nearer to the higher end of this range of about
50 nm. Thuis recess aflects to no small extent the orientation of
the lower electrode 76 and the ferroelectric film 75.

In the present embodiment, considering of solving the
above-described problem of the recess formation, a substrate
conductive film 1s formed as follows.

FI1G. 9 shows a schematic sectional view showing the fer-
roelectric random access memory prepared by the third
embodiment.

In the present embodiment, first, the surface of the inter-
layer insulating film 71 flattened during formation of the
tungsten (W) plug 7256 by the CMP method 1s treated by, for
instance, ammonia (NH,) plasma. Thereby, the ammonia
(NH) group 1s bonded to the oxygen atoms on the surface of
the interlayer insulating film 68. Even 11 titanium (T1) atoms
are Turther deposited above the interlayer msulating film 71,
the deposited titanium (11) atoms would not react with the
oxygen atoms, and could freely move on the surface of the
interlayer insulating film 71, which results in formation of a
titanium (11) film on the interlayer msulating film 71, the
titanium (11) film being self organized in the (002) orienta-
tion.

The above-described ammonia (NH,) plasma treatment
can be performed using, for nstance, a parallel plate type
plasma treatment apparatus having a counter electrode at the
position about 9 mm (350 mils) away from the semiconductor
substrate 61, for example, and ammonia gas 1s supplied at a
flow rate of 350 sccm 1nto a treatment vessel held under a
pressure of 266 Pa (2 Torr) at a substrate temperature of 400°
C. so as to supply high frequency of 13.56 MHz with a
throwing power of 100 W 1nto the side of the substrate to be
treated and to supply high frequency of 350 kHz with a
throwing power of 355 W into the counter electrode for 60
seconds.

Next, a sputter DC power at 2.6 kW 1s supplied for 35
seconds at the substrate temperature of 20° C. in an argon (Ar)
atmosphere under 0.135 Pa 1n a sputtering apparatus setting the
distance between the semiconductor substrate 61 and the
target at, for instance, 60 mm. Thereby, a titanium (11) film
(100 nm) with a strong titantum (11) (002) orientation can be
obtained.

Next, RTA heat treatment 1s conducted for 60 seconds at
650° C. 1n a nitrogen atmosphere and a substrate conductive
film 91 made with a (111) onented titanium nitride (TiN)
covering above the tungsten (W) plug 7256 and the interlayer
insulating film 71 1s formed. The thickness of the substrate
conductive film 1s preferably between about 100 nm and
about 300 nm. In the present embodiment, 1t 1s about 100 nm.
The substrate conductive film 91 1s not limited to titanium
nitride (TiN), and it 1s also possible to form any of a tungsten
f1lm, a silicon film or a copper film as the substrate conductive

film 91.
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Here, reflected by the recess formed as described above on
the interlayer insulating film 71 around the tungsten (W) plug
72b, a depressed portion 1s formed on the upper surface of the
substrate conductive film 91. However, when such a
depressed portion 1s formed, the crystallinity of the ferroelec-
tric film 75 formed later above the substrate conductive film
91 might be deteriorated.

Then, 1n the present embodiment, the upper surface of the
substrate conductive film 91 1s polished and flattened by the
CMP method, so that the above-described depressed portion
1s eliminated. The slurry used in the CMP 1s not limited
especially, but, for instance, SSW2000 made by Cabot Micro-
clectronics Corporation 1s used 1n the present embodiment.

Incidentally, the film thickness of the substrate conductive
film 91 after CMP fluctuates within the surface of the semi-
conductor substrate 61 or among plural semiconductor sub-
strates 61 owing to polishing error. Considering such a fluc-
tuation, the target value of the thickness of the substrate
conductive film 91 after CMP 1s set between 50 nm and 100
nm 1n the present embodiment, more preferably, 50 nm by
controlling the time for polishing.

After conducting CMP to the substrate conductive film 91
as above, the crystals near the upper surface of the substrate
conductive film 91 are 1n a distorted state by polishing. How-
ever, when the lower electrode 76 1n a ferroelectric capacitor
structure 1s formed above the substrate conductive film 91 1n
which distortion occurs in the crystals thereot as described
above, the distortion 1s taken 1n the lower electrode 76, which
results 1n deterioration 1n crystallinity of the lower electrode
76, which leads to a deterioration 1n the ferroelectric charac-
teristics of the ferroelectric film 75 existing thereabove.

In order to avoid such an inconvenience, the following
process 1s intended not to transier the distortion of the crystals
in the substrate conductive film 91 to the above films by
exposing the above-described ammonia (NH,) plasma to the
upper surface of the substrate conductive film 91.

Next, a titanium (11) film (not shown) 1s formed as a con-
ductive film for improving crystallinity above the substrate
conductive film 91, so that the titantum (1) film 1s nitrided by
heat treatment 1n a nitrogen atmosphere. The following pro-
cesses are conducted according to the same method as those
of the second embodiment. In the etching process of the
terroelectric capacitor structure, the substrate conductive film
91 and the titanium ('11) film are etched, and the substrate
conductive film 91 and the titanium (11) film are substantially
the same shape as that of the lower electrode 76 or the like.
Even by the present embodiment, the same effect as that by
the second embodiment can be obtained.

It should be noted that when the substrate conductive film
1s processed by the CMP method, it may be polished so as to
leave the substrate conductive film only on the tungsten(W)
plug 72b, in other words, using, for instance, the interlayer
insulating film 71 as a polishing stopper. FIG. 10 shows a
device structure in which the substrate conductive film 1s 1n
this state. Here, a numeral 92 i1s attached to the substrate
conductive film.

Fourth Embodiment

Next, the fourth embodiment of the present invention will
be explained. In the present embodiment, a stacked type
terroelectric random access memory will be disclosed simi-
larly to the second embodiment, but it differs from the second
embodiment 1n such that the structure of the tungsten (W)
plug differs 1in some respects. In the present embodiment,
only the differences from the second embodiment will be
explained using a schematic sectional view of the completed
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terroelectric random access memory corresponding to FIG.
5L.. Note that the same parts as those structural parts
explained 1n the second embodiment are attached with the
same symbols or numerals.

In the second embodiment, in FIG. 5K, a case that the
tungsten (W) plug 8356 1s formed so as to be electrically
connected to the tungsten (W) plug 69c¢, that 1s, a case of
adopting the so-called via-to-via structure 1s explained as an
example, but 1n this embodiment, one tungsten (W) plug 1s
tformed 1nstead of the tungsten (W) plug 69¢ and the tungsten
(W) plug 835b.

In the present embodiment, as shown 1n FIG. 11, 1n the
process of forming a tungsten (W) plug in the interlayer
insulating film 68, only a glue film 93¢ and a tungsten (W)
plug 935 are formed without forming the tungsten (W) plug
69c, and further, without forming the silicon oxynitride
(S10N) film 70, the interlayer insulating film 71, the glue film
72a, the tungsten (W) plug 726 and the like. Then, 1n the
process of forming a tungsten (W) plug in the iterlayer
insulating film 81 or the like, a contact hole exposing a part of
the surface of a high concentration diffusion layer 93 1s
formed in the interlayer insulating film 81, the aluminum
oxide (Al,O,) film 80, the interlayer insulating film 79, the
aluminum oxide (Al,O;) film 78, the interlayer insulating
film 68 and the silicon oxynitride (S1ON) film 67, and a glue
f1lm 944 and a tungsten (W) plug 945 embedding the contact
hole are formed by the CVD method and the CMP method.

Note that even by the present embodiment, the same effect
as that of the second embodiment can be obtained.

According to the present invention, by forming an upper
clectrode of which the crystalline state 1s controlled, 1t
becomes possible to reduce the creation of holes 1n film, to
prevent migration of hydrogen or the like into, especially, the
capacitor film 1n a multilayer wiring process, so that deterio-
ration ol the characteristics of the capacitor film can be
reduced to realize improvement in the switching characteris-
tics, the 1nitial characteristics, and the retention characteris-
tics of the device.

The present embodiments are to be considered in all
respects as 1llustrative and no restrictive, and all changes
which come within the meaning and range of equivalency of
the claims are therefore intended to be embraced therein. The
invention may be embodied in other specific forms without
departing from the spirit or essential characteristics thereof.

What 1s claimed 1s:

1. A semiconductor device, comprising:
a semiconductor substrate; and

a capacitor structure formed over said semiconductor sub-
strate and structured by the capacitor film being sand-
wiched between an upper electrode and a lower elec-
trode,

wherein said upper electrode, comprising:

a first layer made of an oxide, of which stoichiometric
composition 1s expressed by a chemical formula M, O _,
using a composition parameter x,, and of which practi-
cal composition 1s expressed by a chemical formula
M, O_, using a composition parameter X.;

a second layer made of an oxide formed on said first layer,
and 1ts stoichiometric composition 1s expressed by a
chemical formula M, 0, using a composition parameter
y,, and its practical composition 1s expressed by a
chemical formula M, O, using a composition parameter
Yo; and

a third layer made of an oxide formed on said second layer,
and 1ts stoichiometric composition 1s expressed by a
chemical formula MO _, using a composition parameter
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Z,, and 1ts practical composition 1s expressed by a
chemical formula M O _, using a composition parameter
L3,

where the symbols M,, M, and M, are respectively
expressed as one or plural metal elements,

wherein said second layer has a degree of oxidation higher
than said first layer and said third layer; and

wherein said composition parameters X, X-, vV, V-, Z; and
7. have the following relations therebetween,

Vo/VDXo/X |, Vo/V>25/2 1, and zo/7 | Z=X5/X 4.

2. The semiconductor device according to claim 1, wherein
said metal element M, of said first layer and said metal ele-
ment M, of said second layer are the same.

3. The semiconductor device according to claim 1, wherein
said metal element M, of said first layer and said metal ele-
ment M, of said second layer differ from each other.

4. The semiconductor device according to claim 1, wherein
said metal element M, of said first layer and said metal ele-
ment M, of said third layer are the same.

5. The semiconductor device according to claim 1, wherein
said metal element M, of said first layer and said metal ele-
ment M of said third layer differ from each other.

6. The semiconductor device according to claim 1, wherein
said metal element M, of said first layer, said metal element
M, of said second layer and said metal element M, of said
third layer differ from each other.

7. The semiconductor device according to claim 1, wherein
said upper electrode further comprises the fourth layer
formed above said third layer and made of noble metals or an
alloy containing noble metals.

8. The semiconductor device according to claim 1, wherein
the thickness of said first layer 1s thinner than that of said
second layer.

9. The semiconductor device according to claim 1, wherein
the thickness of said third layer 1s 50 nm or below, thinner
than that of said second layer.

10. The semiconductor device according to claim 1,
wherein the crystal size of said first layer 1s smaller than the
crystal size of said second layer.

11. The semiconductor device according to claim 1,
wherein the crystal size of said third layer 1s smaller than the
crystal size of said second layer.

12. The semiconductor device according to claim 1,
wherein said capacitor film 1s a ferroelectric film.

13. A method of manufacturing the semiconductor device
having a capacitor structure comprising:

forming a lower electrode having said capacitor structure

over a semiconductor substrate;

forming a capacitor film over said lower electrode; and

forming an upper electrode over said capacitor film by
stacking at least a first conductive oxidation layer, a
second conductive oxidation layer and a third conduc-
tive oxidation layer sequentially,

wherein forming said first conductive oxidation layer and
said third conductive layer 1s conducted under the oxi-
dation content lower than that 1n depositing said second
conductive oxidation layer.

14. The method of manufacturing the semiconductor

device according to claim 13,

wherein said third conductive oxidation layer is crystal-
lized under controlling the temperature of said semicon-
ductor substrate 1n forming said third conductive oxida-
tion layer.

15. The method of manufacturing the semiconductor
device according to claim 13, further comprising:




US 7,605,007 B2

29

heat treating said capacitor film at a first temperature 1n a
mixture gas atmosphere of 1nert gas and oxidation gas
alter depositing said capacitor film and before deposit-
ing said first conductive oxidation layer;

heat treating at a second temperature higher than said first
temperature 1 an atmosphere containing oxygen for
crystallizing said capacitor film.

16. The method of manufacturing the semiconductor

device according to claim 13, further comprising;:

heat treating said capacitor film at a {irst temperature 1n a
mixture gas atmosphere of nert gas and oxidation gas
alter depositing said capacitor film and before deposit-
ing said first conductive oxidation layer; and

heat treating said capacitor film to crystallize 1t 1n an atmo-
sphere containing oxygen at a second temperature
higher than said first temperature aiter depositing said
first conductive oxidation layer.

17. The method of manufacturing the semiconductor

device according to claim 13, further comprising;:

heat treating said capacitor film after forming said capaci-
tor film and before depositing said first conductive oxi-
dation layer;

5
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depositing an amorphous upper capacitor film thinner than
the capacitor film above said crystallized capacitor film;
and

heat treating said capacitor film and said upper capacitor
film to crystallize them 1n an atmosphere containing
oxygen at a second temperature higher than said first
temperature aiter depositing said first conductive oxida-
tion film.

18. The method of manufacturing the semiconductor

10 device according to claim 13, further comprising:

heat treating said second conductive oxidation layer 1n an
atmosphere containing oxygen at a third temperature
after depositing said second conductive oxidation layer.
19. The method of manufacturing the semiconductor

15 device according to claim 13, wherein said second conductive

oxidation layer 1s deposited at a temperature in the range of
50° C. to 75° C.

20. The method of manufacturing the semiconductor
device according to claim 13, wherein said capacitor film 1s a

20 ferroelectric film.
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